The human respiratory syncytial virus (Long strain) fusion protein contains six potential N-glycosylation sites: N27, N70, N116, N120, N126, and N500. Site-directed mutagenesis of these positions revealed that the mature fusion protein contains three N-linked oligosaccharides, attached to N27, N70, and N500. By introducing these mutations into the F gene in different combinations, four more mutants were generated. All mutants, including a triple mutant devoid of any N-linked oligosaccharide, were efficiently transported to the plasma membrane, as determined by flow cytometry and cell surface biotinylation. None of the glycosylation mutations interfered with proteolytic activation of the fusion protein. Despite similar levels of cell surface expression, the glycosylation mutants affected fusion activity in different ways. While the N27Q mutation did not have an effect on syncytium formation, loss of the N70-glycan caused a fusion activity increase of 40%. Elimination of both N-glycans (N27/70Q mutant) reduced the fusion activity by about 50%. A more pronounced reduction of the fusion activity of about 90% was observed with the mutants N500Q, N27/500Q, and N70/500Q. Almost no fusion activity was detected with the triple mutant N27/70/500Q. These data indicate that N-glycosylation of the F 2 subunit at N27 and N70 is of minor importance for the fusion activity of the F protein. The single N-glycan of the F 1 subunit attached to N500, however, is required for efficient syncytium formation.
Human respiratory syncytial virus (HRSV), a member of the genus Pneumovirus within the family Paramyxoviridae, contains three envelope glycoproteins, designated F, G, and SH. Among these glycoproteins, the F protein is the most conserved molecule, demonstrating a homology of 80% or more to F proteins of different HRSV and bovine respiratory syncytial virus (BRSV) serotypes. The F protein contains important T-cell epitopes and is the major virus antigen inducing neutralizing antibodies (53, 57, 69) . The F protein plays a central role in virus entry. It mediates the fusion of the virus and the cellular membrane, thereby allowing the nucleocapsid to enter the cytoplasm of the host cell. The fusion process is independent of pH. Therefore, virus bound to the cell surface can directly fuse with the plasma membrane and does not require prior uptake by endocytic vesicles. In addition, cells infected with HRSV can fuse with adjacent cells, resulting in giant, multinucleated syncytia. Syncytium formation can also be observed with cells transfected with the gene encoding F protein. Coexpression of F protein together with G and/or SH protein greatly enhances fusion activity (27, 55) . However, the presence of both the G and the SH proteins appears to be nonessential for virus replication in cell culture (5, 30, 70) . Recent studies suggest that certain glycosaminoglycans on the cell surface are required for HRSV infection (24, 25, 34, 44) . The G protein, as well as the fusion protein, has been demonstrated to bind to these carbohydrate structures (14, 15, 34) .
The F protein is a type I integral membrane protein that is synthesized as a precursor, F 0 , of 69 kDa, which is postranslationally cleaved by a cellular protease at a multibasic sequence into two disulfide-linked subunits, F 2 (19 kDa) and F 1 (50 kDa) (23) . A stretch of hydrophobic amino acids at the N terminus of the F 1 subunit is supposed to form a fusion peptide that interacts with the host membrane, thereby initiating the fusion process. As with other paramyxoviruses, there are two heptad repeats in the F 1 subunit; heptad A is adjacent to the fusion peptide, and heptad B is adjacent to the transmembrane region. Other posttranslational modifications of the F protein include acylation of C550 (1), oligomerization (8) , and N-glycosylation (6, 22) . The F protein of HRSV strain Long contains six potential N-glycosylation sites: N27, N70, N116, N120, N126, and N500 (Fig. 1) . The latter site is part of heptad repeat B, adjacent to the membrane anchor; the other five are located on the F 2 subunit. Except for N120, all potential N-glycosylation sites are conserved among different HRSV strains, suggesting that N-glycosylation at these sites might be important for the structural and functional integrity of the fusion protein.
For many other viral glycoproteins, it has been shown that N-glycans are important structural components that affect the folding and transport (12) as well as the activity (39, 49, 51, 52, 60, 68) , stability (54) , and immunological properties (10, 19, 20, 48) of these molecules. In contrast, there is only little information available about the importance of N-linked oligosaccharides for the function and activity of the HRSV F glycoprotein. Total inhibition of N-glycosylation by the drug tunicamycin indicated that cell surface transport of the F protein does not depend on the presence of carbohydrates (8) . Treatment of purified virions with a glycosidase that cleaves off N-linked oligosaccharides resulted in a significant reduction of virus infectivity (37) . Since all three envelope glycoproteins, G, F, and SH, contain N-linked oligosaccharides, it is not understood whether this effect is due to the deglycosylation of a certain glycoprotein or a combination of two or all three proteins. The role of the four potential N-glycosylation sites in the cell surface transport of the related BRSV fusion protein has been previously investigated by site-directed mutagenesis (56) . However, it is still unknown how the N-glycans affect the fusion activity of the protein. In this study, we determined the number and location of N-linked oligosaccharides in the fusion protein of HRSV (strain Long) and analyzed their role in cell surface transport, proteolytic activation, and fusion activity.
MATERIALS AND METHODS
Cells and virus. BSR-T7/5 cells were a generous gift of K.-K. Conzelmann (Max-von-Pettenhofer-Institut, Munich, Germany). The cells were grown in Eagle's minimal essential medium with Earle's salts supplemented with nonessential amino acids and 10% fetal calf serum. Vero cells and primary chicken fibroblasts were maintained in Dulbecco's modified Eagle medium with 5 and 10% fetal calf serum, respectively. HRSV strain Long, a generous gift of H.-J. Streckert (Ruhr-Universität, Bochum, Germany), was propagated in Vero cells. Recombinant vaccinia virus MVA-T7 was provided by G. Sutter (Technische Universität, Munich, Germany) and was propagated in primary chicken fibroblasts.
Cloning and mutagenesis of the F gene. Cloning of the F gene started with the reverse transcription of total RNA that was prepared from Vero cells infected with HSRV (strain Long). The open reading frame of the F protein was amplified from the cDNA by PCR and was cloned into the pTM1 vector downstream of the T7 promoter (47), creating plasmid pTM1-F. The entire open reading frame of F was sequenced, and the sequence obtained was compared with the published sequence (40) . The following differences were found: V76E, P101S, T152I, S211N, and A442V. The glycosylation mutants were generated by replacing the asparagine residue at position N27, N70, N116, N120, N126, or N500 with glutamine. A QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, Calif.) was used to substitute the triplet CAG or CAA (both of which encode glutamine) for the triplet AAC or AAT (both of which encode asparagine) by PCR. The nucleotide exchanges were confirmed by DNA sequencing.
Cell surface biotinylation and immunoprecipitation. Transient expression of the F protein was performed in BSR-T7/5 cells, a subline of BHK-21 cells stably expressing T7 RNA polymerase under the control of the cytomegalovirus promoter (3). The cells were grown in 35-mm-diameter dishes to 90% confluence and were infected with 5 focus-forming units of MVA-T7, a recombinant vaccinia virus (modified vaccinia virus Ankara [MVA]) encoding T7 RNA polymerase (66) , per cell. Infection with the recombinant vaccinia virus resulted in a higher expression level than that of uninfected BSR-T7/5 cells. One hour postinfection, the cells were washed twice with phosphate-buffered saline (PBS) and transfected with 5 g of plasmid DNA in 10 l of Lipofectamine 2000 transfection reagent (Life Technologies, Karlsruhe, Germany). Twenty hours posttransfection, the cell surface proteins of the transfectants were labeled with N-hydroxysuccinimide ester of biotin (sulfo-NHS-biotin; Pierce, Rockford, Ill.) as described previously (71) . The cells were lysed in 1 ml of NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5% sodium deoxycholate; 1% Nonidet P-40; protease inhibitor cocktail), and insoluble material was removed by centrifugation (16,000 ϫ g for 30 min at 4°C). To 500 l of each supernatant were added 50 l of a 50% slurry of protein A-Sepharose (Sigma, Deisenhofen, Germany) and 2.5 l of the RSV3216 monoclonal antibody, which is directed against the HRSV F protein (Serotec, Oxford, United Kingdom). After agitation for 90 min at 4°C, the immunoprecipitates were collected by centrifugation (16,000 ϫ g for 3 min), washed three times with NP-40 lysis buffer, and eluted by boiling the beads in twofold-concentrated sodium dodecyl sulfate (SDS) sample buffer. The immunoprecipitates were electrophoresed on an SDS-10% polyacrylamide gel under reducing and nonreducing conditions and transferred to nitrocellulose by the semidry blotting technique (35) . The membrane was incubated with blocking reagent (Roche Diagnostics, Mannheim, Germany) overnight at 4°C, washed three times with PBS containing 0.1% Tween 20, and incubated with streptavidin-peroxidase (1:1,000; Amersham, Braunschweig, Germany) for 1 h at room temperature. The nitrocellulose was washed as described above and incubated for 1 min with a chemiluminescent peroxidase substrate (BM; Roche Diagnostics, Mannheim, Germany). The resulting light emission was visualized by shortterm exposure of the membrane to Biomax autoradiography film (Kodak, Rochester, N.Y.).
Radioimmunoprecipitation. BSR-T7/5 cells grown in 35-mm-diameter dishes to 90% confluence were infected with recombinant vaccinia virus MVA-T7 and transfected with plasmid DNA as described above. At 20 h posttransfection, the cells were starved for 1 h in methionine-and cysteine-deficient minimal essential medium and were then cultured for 3 h in 1 ml of the same medium supplemented with 100 Ci of [ 35 (61) .
Detection of carbohydrates. For detection of total carbohydrates by periodate oxidation, F protein was immunoprecipitated as described above except that the transfected cells were not labeled with biotin. The immunoprecipitates were separated by SDS-10% polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore, Bedford, Mass.). The membrane was incubated in PBS for 10 min and then in 100 mM acetate buffer (pH 5.5) containing 10 mM sodium metaperiodate for 20 min (at room temperature in the dark). The membrane was washed thoroughly in PBS and then incubated in 100 mM acetate buffer (pH 5.5) containing 0.025 M biotin hydrazide (Amersham Pharmacia Biotech, Freiburg, Germany) for 60 min at room temperature. The membrane was washed and incubated in blocking reagent overnight at 4°C. Biotin groups were detected with streptavidin-peroxidase as described for the cell surface biotinylation procedure (see above).
Flow cytometry. BSR-T7/5 cells grown in 35-mm-diameter dishes to 90% confluence were infected with recombinant vaccinia virus MVA-T7 and transfected with 5 g of plasmid DNA as described above. At 20 h after transfection, the cells were washed twice with PBS containing 1 mM EDTA and incubated in the same buffer for 15 min at 37°C. The cells were suspended, pelleted by centrifugation, and resuspended in PBS containing 0.5% bovine serum albumin. were washed twice with PBS and immediately analyzed with a flow cytofluorometer (FACScan; Becton Dickinson, Heidelberg, Germany), using 20,000 cells per analysis. The Cell Quest (Becton Dickinson) and WinMDI (Salk Institute, San Diego, Calif.) software packages were used for calculations. Three independent transfection procedures were analyzed in this way.
Immunofluorescence analysis and syncytium formation. BSR-T7/5 cells grown on 12-mm-diameter coverslips to 80 to 90% confluence were infected with the recombinant vaccinia virus (MVA-T7) and transfected with 1.5 g of plasmid DNA with 3 l of Superfect transfection reagent (Qiagen, Hilden, Germany). Twenty hours after transfection, the cells were fixed with 3% paraformaldehyde for 20 min at room temperature. For detection of intracellular antigen in a parallel sample, the fixed cells were permeabilized with 0.2% Triton X-100. The cells were stained by incubation with a monoclonal antibody directed against the HRSV F protein followed by incubation with an FITC-conjugated antibody directed against mouse immunoglobulin (Amersham, Braunschweig, Germany). Both antibodies were used at a dilution of 1:200. Conventional epifluorescence microscopy was performed with a Zeiss Axioplan 2 microscope. Digital photographs were taken with a digital video camera (Focus Imager; INTAS, Göttin-gen, Germany). For quantitative analysis of syncytium formation, we determined the average syncytium size by counting the nuclei in at least 20 fluorescent polykaryons (i.e., cells containing more than two nuclei). The frequency of syncytium formation was determined by counting the number of polykaryons in 100 fluorescent cells. The product of syncytium frequency and syncytium size was calculated (fusion index). The percentage value (relative fusion index) was determined by setting the value of parental F at 100%. Mean values were determined for data from three independently performed transfection experiments.
RESULTS
The fusion protein of the HRSV Long strain contains six potential N-glycosylation sites (-N-X-S/T-) (Fig. 1 ). To elucidate which of them are utilized for attachment of N-glycans, we constructed six F protein mutants in which the asparagine of each glycosylation motif was replaced by a glutamine. Glutamine was chosen because of its similarity to asparagine. The parental and mutated F protein genes were cloned into the pTM1 plasmid, a vector designed for gene expression under the control of the T7 promoter. This plasmid also contains an internal ribosomal entry site from encephalomyocarditis virus to allow cap-independent translation of the transcripts (47) . Transient expression of the F protein was achieved by transfection of BSR-T7/5 cells, a cell line that stably expresses the T7 RNA polymerase (3). In addition to undergoing transfection, the cells were infected with a recombinant vaccinia virus containing the T7 RNA polymerase gene because this procedure significantly enhanced the level of F protein expression. For analysis of the recombinant F protein, the transfected cells were metabolically labeled with [
35 S]methionine-[ 35 S]cysteine and the F protein was immunoprecipitated from the cell lysates with a monoclonal antibody. Figure 2 shows an autoradiograph of the immunoprecipitates separated by Tricine-SDS-polyacrylamide gel electrophoresis under reducing conditions. The parental F protein (lane a) appeared as three dominant bands: an uncleaved precursor, F 0 , of about 72 kDa; a large subunit, F 1 , of 50 kDa; and a small subunit, F 2 , of 22 kDa. Both mutation N27Q (lane b) and mutation N70Q (lane c) resulted in a significant reduction of the apparent molecular mass of the F 2 subunit, which appeared as a band of about 15 or 16 kDa, respectively. No differences between the electrophoretic mobility of the parental protein and those of mutants N116Q (lane e), N120Q (lane f), and N126Q (lane h) were observed. The mutation N500Q caused a shift of the F 1 subunit from 50 kDa to about 46 kDa (lane i). This difference in the apparent molecular mass of the F 1 subunit was more obvious when a lower polyacrylamide concentration was chosen (cf. Fig. 4 ). We then generated four double-site mutants and one triple-site mutant by introducing into the F gene the mutations N27Q, N70Q, and N500Q in different combinations. When the mutations N27Q and N70Q were combined, the F 2 subunit of the resulting N27/70Q mutant migrated much faster in the gel than did the F 2 of either of the single-site mutants (lane d). Its apparent molecular mass was estimated to be about 10 kDa. A similar additive effect was observed with the mutants N27/ 500Q (lane j), N70/500Q (lane k), and N27/70/500Q (lane l). The changes in the electrophoretic mobility of the F subunit are explained by the loss of one and more N-linked oligosaccharides, respectively. Our results therefore indicate that the mature HRSV F protein contains three N-linked oligosaccharides that are attached to N27 and N70 of the F 2 subunit and to N500 of the F 1 subunit. In addition, the elimination of any single N-linked oligosaccharide did not appear to affect proteolytic activation of the F protein. Even in the absence of all three N-glycans, cleavage of the F 0 precursor into the F 1 and F 2 subunits was as efficient as in the parental protein.
To confirm the absence of N-linked oligosaccharides in the F protein mutants, we applied an approach that involves the biotinylation of the oligosaccharides. The parental F protein and the mutants N500Q, N27/500Q, and N27/70/500Q were immunoprecipitated from transfected, unlabeled cells and treated with sodium metaperiodate. In this way, the carbohydrate portions of the proteins were oxidized to aldehyde groups that were conjugated with biotin hydrazide (11). The biotinylated carbohydrates were then detected with streptavidin-peroxidase (Fig. 3, upper panel) . The carbohydrate content of the mutants was progressively reduced in the order parental Cell surface expression of the glycosylation mutants was analyzed using a biotinylation approach. The transfected cells were labeled at 4°C with a water-soluble biotinylation reagent prior to lysis and immunoprecipitation. This reagent does not penetrate the plasma membrane and therefore reacts only with proteins at the cell surface (38) . The immunoprecipitates were separated by SDS-polyacrylamide gel electrophoresis under reducing conditions and transferred to nitrocellulose, and biotinylated F protein was stained with a streptavidin-peroxidase complex (Fig. 4A) . Using this approach, the F 1 subunits of the parental protein and almost all the glycosylation mutants were detected with signals of comparable intensity. The band representing the triple mutant N27/70/500 (lane b), however, appeared to be weaker than those of the other mutants (lanes c to l) and the parental protein (lanes a and m) . A prolonged incubation of the cell lysates with the antibody during immunoprecipitation was found to further reduce the signal (data not shown). Probably, the elimination of all three N-glycans resulted in an increased sensitivity of the mutant to protease attack. The electrophoretic mobility of the F 1 subunit was changed in the case of those mutants in which had occurred an amino acid exchange at N500, i.e., N27/70/500Q (lane b), N27/ 500Q (lane c), N70/500Q (lane d), and N500Q (lane f). The reduced apparent molecular mass is consistent with the absence of the N500-glycan in the respective mutants and has also been observed in radioimmunoprecipitation (cf. Fig. 2) . In contrast to F 1 , we were not able to detect a band of biotinylated F 2 . When the polyacrylamide gel was run under nonreducing conditions, the biotinylated F protein migrated as a 72-kDa band (data not shown), indicating that the F 1 -linked F 2 subunit was transported to the cell surface but was not labeled with biotin. The uncleaved precursor protein F 0 that we observed in the radioimmunoprecipitation assay (cf. Fig. 2) was not detectable by the biotinylation approach. It appears that only the proteolytically cleaved fusion protein is transported to the plasma membrane.
Cell surface expression of the glycosylation mutants was also quantitatively determined by flow cytometry. Transfected cells were detached without trypsin treatment and were stained with an FITC-conjugated bovine anti-BRSV serum that recognizes HRSV F protein as well. As a negative control, cells were transfected with pTM1 plasmid and stained in the same way. Table 1 summarizes the results of the flow-cytometric analysis for three independent transfections. It shows that all of the glycosylation mutants analyzed in this experiment exhibited similar mean fluorescence intensities. The percentage of cells expressing F protein on their surfaces differed to some extent (left column). While the values for mutants N500Q, N27/500Q, and N27/70/500Q were similar to that of the parental F protein, more fluorescent cells were found in the case of mutants N27Q and N70Q, suggesting that these mutations facilitated The ability of the glycosylation mutants to induce formation of syncytia in transfected cells was studied by indirect immunofluorescence analysis of nonpermeabilized cells (Fig. 5) . The parental F protein induced the formation of large syncytia, showing that the recombinant protein has maintained its fusion activity. Most of the mutants formed syncytia, although clear differences were observed with regard to syncytium size and frequency (Table 2 ). For example, about 40% of the cells expressing the parental F protein induced formation of syncytia, with an average size of about nine nuclei per syncytium. The mutant N27Q showed the same fusion characteristics as the parental F protein, whereas the mutant N70Q had somewhat larger syncytia which occurred more frequently. About 50% of the cells expressing this mutant induced syncytium formation. When both N-glycans of the F 2 subunit were removed (N27/70Q), fusion activity was impaired; the syncytium size was reduced to six nuclei, and their frequency was reduced to about 30% of the parental value. The mutant N500Q, which lacks the single N-linked oligosaccharide in the F 1 subunit, was characterized by the formation of syncytia that were half the size of those induced by the parental protein. The frequency of syncytium formation was reduced even more; only 10% of the cells expressing this mutant exhibited any syncytia. The double mutant N70/500Q had fusion characteristics similar to those of N500Q, whereas a lower fusion activity was found in the case of N27/500Q. Hardly any syncytia were observed with the triple mutant N27/70/500Q. Although the N116Q, N120Q, and N126Q mutations were not found to be associated with a change in the N-glycosylation status of the F protein, only the N116Q and N120Q mutants exhibited fusion characteristics similar to those of the parental protein. The mutant N126Q, on the other hand, showed an enhanced fusion activity, with larger and more frequent syncytia. It appears that glutamine is a more favorable amino acid in this position than asparagine in terms of promoting fusion activity. To take into account both syncytium size and frequency, the product of these values was calculated and analyzed in relation to the parental fusion activity. The data demonstrate that among the three glycosylation sites that are used for attachment of N-glycans, N500 is the most important for the fusion activity of the HRSV F protein. To confirm that the phenotype associated with the N500Q mutation is due to the elimination of the N-linked oligosaccharide rather than to the amino acid exchange, we constructed and analyzed two more mutants. In the first mutant, N500 was replaced by an alanine rather than a glutamine. In the second case, a different amino acid position, S502, was mutated to an alanine. Since serine 502 is essential for N-glycosylation, this FIG. 5 . Indirect surface immunofluorescence analysis of HRSV F protein mutants. Recombinant vaccinia virus MVA-T7-infected BSR-T7/5 cells were transfected with pTM1 plasmid encoding the parental or mutant HRSV F protein as indicated. Twenty hours after transfection, the cells were fixed with 3% paraformaldehyde. F protein was visualized using a monoclonal antibody directed against the HRSV F protein and an FITC-conjugated anti-mouse immunoglobulin serum. The cells were examined at 200ϫ magnification with a Zeiss Axioplan 2 microscope equipped for epifluorescence (left panels) and phase-contrast (right panels) studies. a BSR-T7/5 cells transfected with the pTM1 plasmid encoding either the parental HRSV F protein or one of the indicated F mutants were suspended 20 h after transfection with an FITC-conjugated polyclonal serum directed against BRSV and incubated for 30 min at 4°C. The cells (2 ϫ 10 4 per analysis) were washed and analyzed by flow cytometry.
b Cells with a fluorescence intensity between 1 ϫ 10 1 and 2 ϫ 10 3 arbitrary units were gated and used for the calculation. mutation should also lead to elimination of the N500-glycan. The mutants were analyzed by immunoprecipitation after lysis of transfected, cell surface-biotinylated BSR-T7/5 cells (Fig.  4B) . Mutants N500A (lane a) and S502A (lane b) showed the same mobility shift as the N500Q mutant (lane c) in comparison to the parental F 1 subunit, which migrated as a 50-kDa band in the reducing SDS-polyacrylamide gel (lane d), indicating that all three mutations resulted in the elimination of the N500-glycan. In addition, all mutants were efficiently transported to the cell surface, as indicated by their identical levels of biotinylation. Cell surface immunofluorescence studies revealed that both N500A and S502A mutants have a phenotype like the N500Q mutant, i.e., smaller and less frequent syncytia than the parental F protein ( Table 2 ).
DISCUSSION
N-glycosylation and protein folding are closely interconnected processes that take place in the endoplasmic reticulum (ER). The addition of N-linked oligosaccharides occurs cotranslationally before or while the nascent polypeptide chain folds into its proper three-dimensional conformation. The folding process is assisted by a number of chaperones. Two of them, calnexin and calreticulin, are lectins that bind to almost all glycoproteins synthesized in the ER by recognizing monoglycosylated trimming intermediates (26, 67) . Chaperones not only catalyze folding and assembly of polypeptides but also prevent the transport of misfolded proteins out of the ER. Thus, the transport-competent form of a protein usually corresponds to the correctly folded and processed native conformation (13) . Inhibition of N-glycosylation by using the drug tunicamycin or by mutagenesis of the consensus sequence N-X-S/T has been shown to cause misfolding and aggregation of several viral glycoproteins which do not exit the ER in this form (12) . In some cases, elimination of individual N-glycosylation sites leads to the generation of a temperature-sensitive phenotype: at nonpermissive temperatures, the underglycosylated glycoproteins are misfolded and retained in the ER, whereas at permissive temperatures, folding and transport are normal (16, 17, 21, 33, 43, 50) . Individual N-linked oligosaccharides may differ in terms of their importance for folding of the glycoprotein in the ER, because some oligosaccharides can be eliminated with little or no consequence while others appear to be essential for folding (2, 28, 46, 50, 58, 59, 62, 64, 65) . Sometimes the removal of any single N-glycan in a viral glycoprotein is well tolerated, while the elimination of more Nlinked oligosaccharides often impairs or even blocks correct folding (18, 42, 43) . Thus, there are many examples of viral glycoproteins that depend on N-glycosylation for proper folding in the ER. The fusion protein of HRSV (strain Long) appears to be a notable exception on this list. We have shown that the mature F protein contains three N-linked oligosaccharides and that elimination of all three does not impair transport of the protein to the cell surface. In accordance with these data, total deglycosylation of the HRSV F protein by use of the drug tunicamycin was reported to have no effect on its cell surface expression (8) . The related BRSV fusion protein (from strain A51908) contains four potential N-glycosylation sites: N27, N70, N120, and N500. Replacement of the asparagine residues at N27, N70, and N120 by the amino acid alanine did not affect the transport of the BRSV F protein to the cell surface, whereas the mutant protein N500A was not detected at the cell surface (56) . This indicates that the BRSV and HRSV fusion proteins, though highly homologous, have different requirements with respect to N-glycosylation.
Proteolytic activation of the F protein takes place at a stretch of basic amino acids that serve as a cleavage site for furin-like endoproteases (32) . In the case of other viral glycoproteins, it has been demonstrated that N-linked oligosaccharides can affect the efficiency of this process. For example, a carbohydrate side chain near the cleavage site of the H5-subtype influenza virus hemagglutinin (HA) interfered with protease accessibility (31) . The loss of this oligosaccharide resulted in enhancement of both HA cleavability and pathogenicity of the influenza virus. Interestingly, the HRSV F protein contains three potential N-glycosylation sites-N116, N120, and N126-in close proximity to the proteolytic cleavage site. However, in the mature F protein, N-glycans attached to these sites were not detected. In accordance with this observation, N120 is not conserved among different HRSV isolates and N116 and N126 are not found in the otherwise highly homologous BRSV F protein. Nevertheless, the last two potential N-glycosylation sites have been found in all HRSV F proteins sequenced so far, indicating that they may be of some importance. Our finding that N126Q is more fusogenic than the parental F protein suggests that the asparagine in this position negatively controls fusion activity.
Our results indicate that among the three N-glycans attached to the mature F protein, the N500-glycan is the most important with respect to fusion activity. All mutants in which the N500Q exchange took place showed a drastic reduction of the ability to form syncytia. The same phenotype was observed with the mutants N500A and S502A. Thus, it is more likely that the elimination of the N-glycan, rather than the particular amino acid exchange, is responsible for this effect. N500 is Fig. 5 ). Results are mean values of data from three independently performed transfections.
b The size of syncytia was determined by counting their nuclei. c The frequency of syncytium formation is the relation between the number of syncytia and the number of fluorescent cells.
d The fusion index represents the product of syncytium size and syncitium frequency.
e The relative fusion index was estimated by setting the fusion index of the parental F protein to 100%. located within heptad repeat region B. Heptad repeats form triple-stranded coiled coils consisting of three ␣-helices and are common structures of the paramyxovirus, orthomyxovirus, and retrovirus fusion proteins (29, 36, 45) . Heptad repeats not only are involved in the formation of the oligomers but are also of major importance for the fusion activity of these viruses (4, 29, 63) . Some paramyxoviruses, such as simian virus 5, Newcastle disease virus, and mumps virus, also contain a single potential N-glycosylation site within the heptad repeat B region, whereas other members of the paramyxoviruses, such as measles virus, do not contain any N-glycosylation sites in the F 1 subunit. How N-linked oligosaccharides influence the conformation and function of triple-stranded coiled coils has not been studied to date. Mutagenesis of the potential N-glycosylation sites of the simian virus 5 and BRSV F 1 subunits had deleterious effects on cell surface transport, making it impossible to analyze the fusion activity of these mutants (2, 56) . In contrast, the HRSV N500Q mutant was transported to the cell surface as efficiently as the parental protein. However, syncytium formation by this mutant was drastically reduced, although not totally abolished. Thus, it is possible that the N500-glycan in the stem region of the HRSV F protein is directly involved in the fusion process. Alternatively, the N-glycan may be needed to maintain a fusion-competent conformation or to allow a conformational change-for example, after binding of the F protein to the target membrane. A similar function has been proposed for the three conserved oligosaccharides located in the stem region of influenza virus HA (52) . Interestingly, the fusion protein of a more distantly related member of the genus Pneumovirus, pneumonia virus of mice, contains no potential N-glycosylation sites in its F 2 subunit but has two glycosylation motifs in the F 1 subunit that, like N500, are located proximal to the membrane anchor (7) .
In contrast to the N500-glycan, the two N-glycans located in the HRSV F 2 subunit, N27 and N70, could be eliminated without reducing syncytium formation. Although the fusion activity of the mutant lacking both of these oligosaccharides (N27/70Q) was impaired, this mutant was much more fusogenic than the single-site mutant N500Q. This indicates that N-glycosylation of the F 2 subunit is of minor importance for fusion activity. Nevertheless, N27 and N70 are highly conserved. N27 is found in all known HRSV and BRSV strains, and N70 exists in all HRSV strains and in most BRSV strains. This suggests that both oligosaccharides are of some functional importance. We observed that the triple mutant and, to a lesser extent, the double mutants were more sensitive to proteolytic attack than the parental protein or the single-site mutants. For that reason, flow-cytometric analysis could not be performed with cells that were suspended in a solution containing trypsin. Thus, protection from proteolytic degradation may be one function of the N-linked oligosaccharides. Another important role of the N27-and N70-glycans may be protection of the F protein from antibody recognition. Interestingly, all known antigenic epitopes on the HRSV F protein have been mapped to the F 1 subunit and none has been mapped to the F 2 subunit (41). It is possible that the antigenic epitopes on the F 2 subunit are masked by the two oligosaccharide chains. With the availability of reverse-genetics procedures for respiratory syncytial viruses (3, 9) , it should now be possible to generate HRSV mutants with F proteins devoid of individual N-glycans. It will be interesting to see whether the antigenicity of the resulting HRSV mutants is changed. In addition, recombinant viruses with F protein mutants that have reduced fusion activity are expected to be attenuated. Thus, glycosylation mutants of the RSV F protein may be an interesting new approach for the generation of live, attenuated vaccine candidates.
